Objective: Mutations in HESX1 represent a rare cause of GH deficiency (GHD) associated with a broad spectrum of other anomalies. We searched for causative mutations in a cohort of 244 Italian patients affected by combined and isolated GHD (IGHD). Methods: The HESX1 gene-coding region and exon-intron boundaries were screened by denaturing HPLC scanning. Results: A novel mutation adjacent to the invariant donor splice site of intron 2 (c.357C3GOA) was identified at the heterozygous state in an IGHD patient. The in vitro and in vivo mRNA analysis of the wild-type HESX1 allele revealed the presence of the whole cDNA and two isoforms lacking exon 2 and exons 2-3 respectively. The mutant HESX1 allele yielded only two splicing products, the whole cDNA and the cDNA missing exons 2-3, whereas the mRNA lacking exon 2 was absent. An in vitro assay demonstrated that the exon 2-deleted mRNA, predicting a prematurely truncated protein, is subjected to nonsense-mediated mRNA decay (NMD). Conclusions: The c.357C3GOA mutation prevents the generation of one of the alternative isoforms normally produced by the wild-type allele, predicting a truncated HESX1 protein. The mutation is likely to cause IGHD in the heterozygous patient by interfering with the downregulation of HESX1 expression mediated by alternative splicing and NMD. Our results open new insight into the mechanism of HESX1 regulation suggesting that the coupling of alternative splicing and NMD might play a fundamental role in directing the HESX1 expression, and that the alteration of this process might lead to severe consequences.
Introduction
The anterior pituitary gland is composed of five cell types secreting six hormones: GH secreted by somatotrophs; prolactin (PRL) secreted by lactotrophs; FSH and LH secreted by gonadotrophs; TSH secreted by thyrotrophs; and ACTH secreted by corticotrophs. These highly differentiated cells arise during embryogenesis in a distinct spatial and temporal fashion from a layer of oral ectoderm termed the Rathke's pouch (1) through a cascade of signaling molecules and a large number of transcription factors (2) . This is a coordinated process mediated by the sequential expression of specific genes and their subsequent attenuation at critical stages of the pituitary development. Genes that are expressed early in pituitary embryogenesis are implicated in organ commitment but are also involved in the repression and activation of downstream target genes that have specific roles in directing the cells toward a particular fate. Over the last decade, naturally occurring mutations in these developmental genes, such as HESX1, PROP1, POU1F1, LHX3, LHX4, SOX2, and SOX3 have led to significant insights into pituitary disorders in humans and, the homologous genes, in mouse (3), ranging in severity from central nervous system (CNS) anomalies with no pituitary function to milder forms in which one or more of the pituitary hormones are absent, namely isolated GH deficiency (IGHD) and combined pituitary hormone deficiency (CPHD) (4) .
The paired-like homeobox gene, Hesx1 (homeobox expressed in embryonic stem cells) is one of the earliest markers of the pituitary development (3, (5) (6) (7) . Hesx1 is mainly expressed in the developing forebrain and the Rathke's pouch at mouse embryonic stage (e)9.5 and is maintained until (e)12.5, after which it is rapidly extinguished. Extinction of Hesx1 is important for activation of downstream genes such as Prop1, suggesting that they act as opposing transcription factors. Premature expression of Prop1 can block pituitary organogenesis, whereas prolonged expression of Hesx1 can block Prop1-dependent activation (8) .
Hesx1 shows a typical highly conserved 60 amino acids structural motif, the homeodomain (HD), which can bind DNA in a sequence-specific manner (9) and a basic repressive domain at the N-terminus (the engrailed homology domain, eh1) characterized by seven amino acidic residues (amino acids [21] [22] [23] [24] [25] [26] [27] (10) . Both the functional domains of Hesx1 are involved in the repressive action by recruitment of the nuclear receptor co-repressor (NCOR) and by another co-repressor, the transducin-like enhancer of split 1 (TLE1) at the HD and at the repressive domain respectively (9, 11, 12) .
Null mutant mice for Hesx1 display a phenotype characterized by anophthalmia or microphthalmia and midline neurological defects (e.g. absent septum pellucidum and pituitary hypoplasia), reminiscent of a rare human syndrome, the septo-optic dysplasia (SOD). This condition is characterized by hypopituitarism, pituitary hypoplasia, optic nerve hypoplasia, and abnormalities of midline brain structures (13) with only 30% of patients manifesting all the associated anomalies (14) . Given the similarities between the murine Hesx1 null mutant phenotype and SOD, the role of the human homolog of this gene was investigated in patients with SOD and milder pituitary phenotypes (3) .
Initially, a homozygous missense mutation (R160C) (3) within the homeobox domain of HESX1 was detected in two siblings born to consanguineous parents with SOD, agenesis of the corpus callosum, optic nerve hypoplasia, a hypoplastic anterior pituitary gland and complete panhypopituitarism (15) .
To date, 13 mutations in the HESX1 gene have been reported in a broad spectrum of phenotypes ranging from IGHD to CPHD associated in some cases with anomalies such as SOD, pituitary malformations, like ectopy of the neurohypophysis or pituitary aplasia (16) (17) (18) (19) (20) (21) (22) . Mutations in HESX1 may be present both at the homozygous (nZ3) and at the heterozygous states (nZ10). The patients carrying mutations at the heterozygous state generally show a milder phenotype than the homozygous patients. Whereas the condition in homozygous subjects displays full penetrance, the heterozygous HESX1 mutations are invariably associated with reduced penetrance. Consequently, most of the patients are sporadic as their carrier relatives are frequently unaffected.
In this study, we screened the HESX1 gene in a large group of patients, most of whom were sporadic, affected by either IGHD or CPHD associated with or without anomalies of the brain.
A novel mutation adjacent to the invariant donor splice site of intron 2 (c.357C3GOA) was identified at the heterozygous state in an IGHD patient. To assess the functional consequences of this variation, the transcripts generated by the normal and the mutant alleles were analysed.
Subjects and methods

Subjects
A total of 244 Italian patients (156 males and 88 females) with pituitary hormone deficiency were recruited from 1999 to 2009 from different centers of the country.
Of the 244 Italian patients, four (two IGHD and two CPHD), belonging to four unrelated pedigrees, were born to consanguineous parents and 19 (11 IGHD and 8 CPHD) belonged to 14 families with at least two affected relatives (familial cases).
All the other 221 patients were sporadic with no apparent or declared consanguinity.
The patients were selected for the absence of cerebral tumors, cranial trauma, documented asphyxia, or other injuries at delivery. None of them carried causative mutations in other genes associated with pituitary dysfunctions (i.e. GH, GHRH-R, PIT1, PROP1, LHX3, and LHX4; data not shown).
Patients or parents of patients under 18 years of age gave their written informed consent to participate in this study, which was approved by both the local Ethical Committee of our hospital and the other participating centers.
Italian normal-height subjects, matched for sex and age to the patients, were selected as controls.
Endocrinological investigations
Hormonal assays were performed using several commercial RIA kits, and normal values for each center were taken into account. The results of biochemical investigations at diagnosis were recorded including basal free thyroxine (fT 4 ), TSH, cortisol and ACTH levels, basal levels of GH, TSH, LH, FSH and cortisol, and their peaks in response to pituitary stimulation tests.
The patients were evaluated for serum GH level either after two consecutive classical provocative tests (with arginine or clonidine or insulin) or after one double stimulus with GHRHCarginine (23) . Traditionally, a diagnosis of GHD is supported either by GH peaks !10 ng/ml after both consecutive stimuli or by GH peaks !20 ng/ml after the double provocative test.
A diagnosis of TSH deficiency was made if serum T 4 concentration was under the normal level (fT 4 !12.0 -pmol/l) or total T 4 !65 nmol/l with a low serum TSH concentration (!0.4 mIU/l). ACTH deficiency was defined as morning serum cortisol of !3.6 mg/dl (100 nmol/l). Gonadotroph axis was investigated only in patients of postpubertal age (i.e. over 15 years for female and 17 years for male patients). FSH-LH deficiency was diagnosed on the basis of delayed or absent pubertal development and no increase in serum FSH and LH in response to GnRH.
On the basis of hormonal deficiencies, the patients, including sporadic and familial cases, were classified as IGHD (156; 105 males and 51 females) and CPHD (88; 51 males and 37 females).
In Fig. 1 , the pituitary hormone deficiency repartition in the CPHD patients is shown.
Auxological evaluations
The age and anthropometric data at diagnosis were available for 229 patients; of which 207 were sporadic (Table 1 ) and 22 had family history for IGHD/CPHD or were born to consanguineous parents ( Table 2) . Of the 244 patients, 215 (152 IGHD and 63 CPHD) were under 18 years of age, whereas a minority (4 IGHD and 25 CPHD) were adults. These adult patients either reported a childhood onset of the disorder or were diagnosed in the adult age but with a strong evidence of congenital hormonal pituitary deficiency.
For the remaining 15 patients (6.1% of the total) for whom no data at the time of the first diagnosis was available, we obtained the clinical data only at their re-testing visit, and thus their data were not included in Tables 1 and 2 .
Imaging investigations
Morphological evaluation of the hypothalamus-pituitary area and/or the CN was performed by magnetic resonance imaging (MRI), using pre-contrast coronal spin-echo T1-weighted images followed by post-gadolinium T1-weighted imaging, in 143 out of 244 patients.
Abnormalities were found in 37 out of 65 IGHD (56.9%) and in 69 out of 78 CPHD (88.5%) patients. Ectopy of the neurohypophysis was observed in 11 out of 65 IGHD (16.9%) and in 22 out of 78 CPHD (28.2%) patients, whereas SOD was present only in two IGHD (3.08%) and six CPHD (7.69%) patients.
Genetic analysis
Genomic DNA was extracted from lymphocytes by the salting out procedure (24) . The entire coding region of the HESX1 gene and intron-exon boundaries were amplified by PCR (conditions and primers are reported in Supplementary Materials, see section on supplementary data given at the end of this article).
Mutation detection and genotyping were carried out by denaturing HPLC (DHPLC) scanning on an automated HPLC instrument (Wave, Transgenomic, Santa Clara, CA, USA). As this method allows the identification of variations at the heterozygous state, all the amplicons were also mixed with a corresponding reference PCR product prior to the heteroduplex generation cycle, in order to detect mutations at the homozygous state. The temperature required for successful resolution of the heteroduplex molecules was determined using an online software (http:// insertion.stanford.edu/melt.html). The products were eluted from the column using a linear acetonitrile gradient at a constant flow rate of 1.5 ml/min (Supplementary Methods, see section on supplementary data given at the end of this article). Each fragment was analysed at the recommended temperature and at two degree over.
The PCR products displaying a heteroduplex peak were directly sequenced in both directions on an ABI 3100 automated sequencer, using the Big-dye terminator cycle sequencing reaction kit following the manufacturer's instructions (Applied Biosystem, Foster City, CA, USA).
Cell cultures
GH4C1 (ATCC, Manassas, VA, USA) and Chinese hamster ovary (CHO) cells were cultured in Ham's F10 (15% heat-inactivated horse serum and 2.5% heat-inactivated fetal bovine serum) and Ham's F12 media (10% heat-inactivated fetal bovine serum) (Sigma-Aldrich) respectively. Both the media were supplemented with 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin (Sigma-Aldrich).
GH+ACTH+Gn 2%
GH+TSH+Gn 11%
GH+TSH+ACTH 20%
GH+TSH+ACTH+Gn 35% Figure 1 Pituitary hormone deficiencies repartition in CPHD patients. 
Plasmid preparation and cell transfections
A 2232 bp product encompassing the entire HESX1 gene was amplified from the patient heterozygous for the c.357C3GOA mutation with the following primers: 5 0 -GGATCCTGGGCAAGTGTTCATTGACATGC-TA-3 0 (forward) and 5 0 -GATATCAGAATCCAGCTTGT-GGAATCACTTAGTC-3 0 (reverse) located at K180 bp from the ATG translation initiation codon and at 318 bp upstream of the stop codon within the 3 0 -UTR respectively. Both the primers contained a non-template restriction endonuclease recognition sequence at the 5 0 -end (underlined; BamHI in the forward and EcoRV in the reverse).
A proofreading Taq polymerase (Finnzymes, Espoo, Finland) was used with the following PCR cycle: 94 8C for 6 min, followed by 25 cycles at 94 8C for 20 s and 62 8C for 4 min.
To separate the wild-type and the mutant alleles, the PCR fragment obtained from the heterozygous patient was cloned into the pMOSBlue T-vector (pMOSBlue T-vector kit; Amersham). The clones were sequenced to check for polymerase-induced errors and digested with BamHI and EcoRV restriction enzymes. The digested products were run on a 1.5% agarose gel and purified by the QIAquick Gel extraction kit (Qiagen).
The purified fragments corresponding to the two different alleles were inserted into the pcDNA3.1(C) expression vector (Invitrogen), previously digested with the same endonucleases, following the manufacturer's instructions. DH101F' competent cells were then transformed with the two different constructs and grown on LB/ampicillin media, and the plasmid DNA was extracted by columns (JETSTAR 2.0 Maxi, Genomed, Löhne, Germany) and checked again by sequencing.
Plasmid DNA was used for transient transfection of the rat pituitary GH4C1 and the CHO cell lines. Cells were grown to w80% confluence in 35 mm dishes and transfected with 1 mg of each construct using the Fugene 6 Transfection Reagent (Roche Diagnostics), following the manufacturer's instructions.
To evaluate whether the alternative transcripts were subjected to nonsense-mediated mRNA decay (NMD), CHO cells transfected with the wild-type and mutated constructs were treated, 48 h after transfection, with 50 mg/ml of cycloheximide (CHX, Sigma-Aldrich), an inhibitor of protein synthesis, for 4 h.
Synthesis and amplification of HESX1 cDNA
Total RNA was extracted from the GH4C1 cell line, transfected with the wild-type and mutant constructs, and from the fresh peripheral blood lymphocytes of two healthy controls by RNeasy Mini kit (Qiagen).
The cDNA obtained from the constructs was amplified by RT-PCR using the RETROscript kit (Ambion, Foster City, CA, USA) and the following two primers 5 0 -AACTGCAGGAAGATCCCAGCCCTA-3 0 (forward) and 5 0 -TTCCACTGATTCTTCATGCTCTGCAA-3 0 (reverse), located within exon 1 at K83 bp from the ATG translation initiation codon and at C59 bp with respect to the stop codon in the 3 0 -UTR respectively. The cDNA obtained from the lymphocytes was amplified using the following primers: 5 0 -AAGATCC-CAGCCCTATACAC-3 0 (forward) and 5 0 -TCCAGCA-GATTTGTGTTGAAA-3 0 (reverse), located at K74 bp from the ATG translation site and at c.554 within exon 4 respectively.
The PCR products were separated on a 2% agarose gel, excised from the gel and directly sequenced (ABI Prism 3100).
RNA secondary structure analysis
Secondary structures and the minimum optimal free energies for the HESX1 3 0 -UTR c.558C48G and 3 0 -UTR c.558C48A variants were predicted using the RNAfold online program (http://rna.tbi.univie.ac.at/).
Potential UTR functional regulatory elements were identified by means of the UTRScan program that looks for UTR functional elements by searching for the patterns collected in the UTRsite database (http:// itbtools.ba.itb.cnr.it/utrscan).
Results
Genetic analysis of the HESX1 gene
A total of 244 patients affected by IGHD or combined GHD were analysed for the presence of causal mutations in the HESX1 gene. The entire coding sequence and the intron-exon boundaries of the gene were screened by DHPLC analysis. A heteroduplex peak was displayed by nine samples suggesting the presence of a variation at the heterozygous state. Direct sequencing of these samples revealed five different nucleotide substitutions of which three were non-synonymous changes (Q6H, N125S, and V129I; Table 3 ). All the variations were searched in a panel of Italian control individuals (nZ100-646) by DHPLC genotyping and subsequent sequencing to confirm the presence of the variant. Only the non-synonymous N125S was already present in the public database (http://www.mcbi.nlm.nih.gov/). The N125S and V129I substitutions were detected at comparable frequency in patients and controls (Table 3) . The CPHD patient carrying the Q6H mutation, which was not present in 116 controls, was a pre-pubertal child who progressively developed multiple hypopituitarism, first GH and, afterwards, TSH and ACTH deficiencies, in a plurimalformative syndrome characterized by short stature and anatomical malformations not associated with SOD phenotype. The same mutation had previously been reported in a CPHD patient with mild pituitary dysfunction and no midline brain defect and in none of the 100 controls analysed by the authors (14) . As this patient and the mutation have previously been described by us (25) , the case will not be further discussed.
The other two variations, in the 3 0 -UTR (c.558C48 GOA) and in IVS2 (c.357C3GOA), were identified in two distinct patients for the first time in this study and in none out of 230 and 646 healthy controls respectively.
To assess whether the variation 3 0 -UTR c.558C48 GOA could affect the predicted mRNA stability and secondary structure, we performed an in silico analysis with the RNAfold online program (http://rna.tbi.univie. ac.at/). The secondary structure analysis indicated that the 3 0 -UTR alleles generate two secondary structures with similar minimum free energy (dG) values (Fig. 2) . To determine whether the 3 0 -UTR variants contained regulatory elements with different properties, a bioinformatics analysis of the HESX1 3 0 -UTR was performed by using the UTRScan program (http://itbtools.ba.itb.cnr. it/utrscan). Both the alleles displayed the same specific sequence binding sites for the different factors predicted by the software. It is thus likely that the variation detected in one patient in the 3 0 -UTR does not affect the mRNA stability and regulation, and that it represents a rare benign variant. The c.357C3GOA variation is located immediately downstream the highly conserved dinucleotide GT at the donor splice site of intron 2. As changes at this position have frequently been found associated to perturbation of the correct splicing, leading to pathological conditions (26), we investigated the influence of c.357C3GOA on the HESX1 mRNA maturation.
Consequence of the c.357C3GOA variation on the mRNA processing
Investigation of the strength of the IVS2 donor site using a splice site prediction program (http://www.frsuitfly. org/seq_tools/splice.html) showed that the wild-type To test whether the increase in the strength of this donor splice site could have a functional consequence, as the mRNA of the patient was not available, we performed an in vitro splicing assay by means of expression constructs. GH4C1 cells were transfected with the plasmid bearing the wild-type and the mutant HESX1 alleles. The mRNA was extracted and submitted to RT-PCR with primers flanking the entire HESX1 coding sequence. After gel electrophoresis, the wild-type HESX1 yielded three splicing forms (Fig. 3a, lane 2) . Sequencing of the three bands extracted from the agarose revealed that these corresponded to the whole cDNA of 700 bp, to a product of 500 bp with the skipping of exon 2, and to a 398 bp cDNA missing exons 2 and 3 respectively. This is the first evidence of the presence of different splicing isoforms generated by the wild-type HESX1 allele. Notably, the plasmid with the mutant HESX1 yielded only two splicing products corresponding to the whole cDNA (700 bp) and to the skipping of exons 2-3 (398 bp; Fig. 3a, lane 1) . The mRNA lacking exon 2 was absent in the mutant. The same results were obtained by transfecting the CHO cell line with both the wild-type and the mutant constructs (Fig. 4, lane 1 and 3) .
To test whether the three splicing isoforms, produced by the plasmid bearing the wild-type HESX1, were normally present in healthy individuals or represented an artifact of our in vitro experimental conditions, we searched for the HESX1 ectopic transcripts in the lymphocytes extracted from two subjects of the control group. The three splicing products detected in the wildtype construct were also present in the lymphocytes of these two subjects (Fig. 3b) , confirming that these represent normal isoforms of the HESX1 mRNA and not an artifact of the in vitro experiments.
Both the skipping of exon 2 and exons 2-3 alter the open reading frame of the transcripts, and if translated, they would lead to prematurely truncated proteins at residues 53 (within exon 3) and 66 (within exon 4) respectively. These two hypothetical truncated proteins lack the functional HD involved in the DNA binding and all the following residues.
We hypothesized that the isoform deleted of exon 2 (which is not generated by the mutant allele) is subjected to NMD, a surveillance mechanism of the protein synthesis that rapidly degrades mRNAs when a premature stop codon is present more than 50-55 nucleotides upstream the 3 0 -most exon-exon junction (27) . To demonstrate this hypothesis, the CHO cells, transfected with the HESX1 gene-bearing plasmids (wild-type and mutant, the latter was used as a negative control), were treated with CHX, an inhibitor of the protein synthesis and consequently of the NMD machinery. As shown in Fig. 4 , the CHX exposure increases the expression level of the isoform lacking exon 2 in the wild-type allele (lane 2) of about 40% (with a normalized ratio of 0.78 for the treated and 0.54 for the non-treated cells) demonstrating that this isoform is degraded when the mRNA is translated. The other two bands did not show any visible change after the CHX exposure. No band corresponding to the isoform missing exon 2 was detected in the mutant, even after treatment with CHX.
Clinical features of patient bearing the c.357C3GOA mutation
The patient carrying the c.357C3GOA mutation was a boy born at term by spontaneous vaginal delivery. At birth, his weight was 2800 g. There were no signs of hypoglycemia or respiratory distress during the neonatal period or congenital hypothyroidism, and his psychomotor development was normal. At the age of 12.6 years, he showed growth retardation, with a height of 130.7 cm (K2.9 SDS), a weight of 25.9 kg (K3 SDS), and bone age of 8.10 (DZK3.5). His father and mother had a height of 166 and 146 cm respectively (target height: 163.5 cm). Suspecting GHD, a GH secretion test was performed in this boy revealing GHD (ITT: peak 4.7 ng/ml; clonidine stimulation: peak 0.6 ng/ml). The rest of the endocrinology was normal (TSH 3 mU/ml; free tri-iodothyronine 3.6 pg/ml and fT 4 15.7 pg/ml). The peaks of TSH and PRL in response to TRH were normal. MRI of the brain and pituitary did not reveal any abnormality. At the age of 12.8 years, he started the therapy with recombinant GH. After 6 months, at the age of 13.2 years, his height was 135.6 cm (K2.6 SDS), bone age was 9.9 (DZK3.3), and weight was 30 kg (K2.4 SDS). At the last follow-up visit, he was 13.9 years old, and he reached the height of 138.1 cm (K2.8 SDS) with a bone age of 10.3 (DZK3.6) and a weight of 31.4 kg (K2.4).
Discussion
Mutations in the HEXS1 gene represent a rare cause of congenital GHD associated with a wide spectrum of neuroradiological features, such as SOD, hypoplastic or normal anterior pituitary, disrupted or normal pituitary stalk, ectopic or normally located posterior pituitary, and anterior aplasia. We screened the HESX1 gene in 244 Italian patients with a broad spectrum of congenital pituitary defects ranging in severity from IGHD to SOD with panhypopituitarism. Two deleterious mutations were identified in two patients: a novel variation at the third base of the IVS2 (c.357C3 GOA) and the variation Q6H, previously reported by us (25) , accounting for 0.8% of the total patients. These data are in agreement with other studies (3, 14, 21, 22) and confirm the low frequency of HESX1 mutations in hypopituitarism.
The case described in this study, heterozygous for c.357C3 GOA, is affected by an isolated pituitary dysfunction. Unfortunately, the parents of the patient were not available to test whether the variation was inherited or whether it was a de novo mutation. In any case, if the mutation was inherited, the incomplete penetrance associated with a relatively mild phenotype would be consistent with the mild disease and the reduced penetrance observed in heterozygous Hesx1 neonate mice (3) and reported in other heterozygous patients (14) .
We demonstrated that c.357C3 GOA alters the HESX1 alternative splicing by preventing the generation of an alternatively spliced isoform. Two HESX1 mutations have previously been reported that interfered with the mRNA processing: an Alu insertion in exon 3 causing the skipping of this exon (19) and the point mutation at position C2 of intron 2 (c.357C2TOC) within the almost invariant dinucleotide of the donor splice site (20) generating two isoforms lacking exon 3 and exons 2-3. Both the mutations abolished the synthesis of the full-length wild-type mRNA in the homozygous patients. The authors explained the presence of additional isoforms in the patients as a result of aberrant splicing consequent to the mutations. However, we detected one of these alternative isoforms (lacking exons 2-3) and a novel isoform (lacking exon 2) in two different cell types (Fig. 3a) transformed with the wild-type construct and in the mRNA extracted from the lymphocytes of two healthy individuals (Fig. 3b) .
Referring to the presence of alternative mRNA in normal subjects, a possible explanation to the discordant findings between our data and those obtained by the other authors (19, 20) might be the different sources of the RNA used for the RT-PCR. We extracted the mRNA from peripheral blood of the control subjects, whereas Sobrier et al. (19, 20) extracted the mRNA from Epstein-Barr virus (EBV)-transformed lymphocytes of healthy donor individuals. It is plausible that the ectopic transcription in the lymphocytes of healthy individuals better reflects the scenario of the healthy developing pituitary gland with respect to the transcription in EBV-transformed lymphocytes.
The insertion of an Alu sequence and the mutation of the consensus dinucleotide at the donor splice site (19, 20) represent destructive mutations that completely prevent the synthesis of the full-length cDNA, but at the same time they might favor alternative isoforms normally produced at a lower dose. In the case of the c.357C2TOC mutation reported by Sobrier (20) , it might be possible that this isoform became evident only when the synthesis of wild-type mRNA was completely abolished in the patient's EBV-transformed lymphocytes, and that this isoform was not visible in the control-transformed lymphocytes (19, 20) .
Conversely, the c.357C3GOA mutation, increasing the strength of the IVS2 donor splice site, might favor the formation of the full-length cDNA and weaken the generation of the alternatively isoform missing exon 2 that was no longer detectable in the mRNA generated by the mutant construct.
Both the HESX1 isoforms lacking exon 2 and exons 2-3 contain a premature termination codon at residues 53 (within exon 3 of the full transcript) and 66 (within the last exon, namely exon 4) respectively. We demonstrated that the isoform deleted of exon 2 (which is not produced by the mutant allele) is degraded by the NMD pathway by showing that its level increases when the protein synthesis is blocked by the CHX treatment (Fig. 4) .
The coupling of alternative splicing and NMD is a recently described mechanism of downregulation of gene expression that allows the use of the intrinsic alternative splicing machinery to physiologically regulate the expression of a wide variety of genes in a developmental stage and cell-specific manner in many organisms from yeast to humans (27, 28) . It seems that at least 10-15% of the human transcripts can be switched off by NMD coupled to alternative splicing (27) . It can be speculated that a diminished downregulation of HESX1 at a critical stage during early development might lead to an increased repression of HESX1 target genes such as PROP1 and to an inappropriate differentiation of forebrain and pituitary primordia. Thus, contrarily to the other splicing mutations identified so far in the HESX1 gene that abolished the usage of the IVS2 splice site and led to the absence of the wild-type protein, the c.357C3GOA mutation might have a dominant negative effect on the regulation of HESX1 expression by increasing the HESX1-repressive effect.
The identification of the splicing mutation c.357 C3GOA opens new insight into the mechanism of HESX1 regulation. Alternative splicing leading to NMD might be one of the mechanisms that regulate the correct spatial and temporal patterns of the HESX1 gene expression. In our patient, the absence of one of the factors that contributes to negatively regulate the expression of HESX1, which acts as a repressor of several pituitary genes, might lead to an impaired pituitary function resulting in IGHD.
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